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HAZARD  ANALYSIS  OF  EXPLOSIVES  BY  ACCELERATINS  RATE  CALORIMETRY 
Jack  L.  Johnston  and  Marla  P.  Floras 
Naval  Wsapons  Station,  Yorktown,  Virginia 


ABSTRACT 

-^Thls  work  alms  at  one  Important  aspect  o-f  hazard  analyslsi 
compatibility  testing  of  explosives  with  other  materials.  We 
discuss  preliminary  testing  of  the  Accelerating  Rate  Calorimeter 
(ARC)  for  use  In  determining  compat 1 bl 1 1 ty  of  a widely  used 
military  plastic  bonded  explosive  (PBX) , PBXN-106,  with  a 
material  of  known  Incompatibility.  A series  of  tests  was  done  to 
determinei  that  the  ARC  can  maintain  a typical  pol yurethane/RDX 
based  PBX  In  an  adiabatic  environment}  precision  of  repeat  runs} 
effect  of  sample  size}  effect  of  testing  the  PBX  in  contact  with 
an  alkaline  material.  Relative  precision  for  onset  of  exotherm 
for  six  runs  was  +/-1.24’/..  Over  the  mass  range  tested,  100-400mg, 
effect  of  sample  size  was  small  (6%  change  in  exotherm  onset). 
Testing  the  PBX  in  contact  with  an  alkaline  substrate 
significantly  reduced  the  onset  of  temperature  of  exotherm  onset., 

/ 

Safe,  but  energetic  PBXs  can  become  unstable  when  In  contact 
with  a seemingly  inert  material.  This  Is  important  over  the  short 
term  during  processing,  but  sensitive  incompatibility  detection 
methods;  are  needed  In  light  of  the  fact  that  weapons  systems  are 
often  expected  to  store  safely  for  20-30  years  in  a variety  of 
climates.  It  is  well  known  that  heat  accelerates  deter 1 orat 1 ve 
chemical  reactions,  some  of  which  may  already  be  the  result  of 
unfavorable  combinations  of  materials.  New  PBXs  contain  many  new 
components  for  which  we  have  no  long  term  storage  data.  Our  work 
parallels  efforts  in  the  chemical  Industry  to  use  adiabatic 
calorimetry  to  study  thermal  runaway  reactions  and  to  develop 
criteria  for  predicting  instability.  One  primary  screening 
method,  vacuum  thermal  compatibility  (VTC) , uses  gassing  as  a 
measure  of  reactivity  caused  by  incompatibility,  although  some 
reactions  do  not  produce  gas.  Differential  sea  ming  calorimetry 
(DSC)  is  another  technique  in  which  lowering  of  exotherm  onset 
temperature  and  activation  energy  or  changes  In 
endotherm/exotherm  curves  suggest  incompatibility.  Using  the 
ARC,  we  can  expect  greater  sensitivity  of  several  orders  of 
magnitude  and  detection  of  exotherms  at  lower  levels.  We 
anticipate  some  materials  will  fit  a window  of  incompatibility 
detectable  on  the  ARC  but  not  on  VTC.  As  we  compare  data  for 
materials  routinely  placed  in  contact  with  explosives,  our 
ability  to  assess  incompatibilities  of  materials  on  the  basis  of 
empirical  results  may  lead  to  structural  and  compositional 
criteria  for  predicting  hazards. 
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INTRODUCTION 


Th»  ■tAblllty  of  high  •Kplosivas  1«  affoctvd  not  only  by  tho 
Intrlnilc  atablllty  of  th«  anargotic  chamlcala  In  uaa  but  by  tha 
matariala  in  contact  with  tha  axploaiva.  Tabla  (1)  givaa  aoma 
basic  dafinitiona  that  will  ba  uaad  throughout  this  papar.  Rogara 
Cl]  daflnaa  tharmally  Incompatibla  matariala  aa  thoaa  which,  whan 
comblnad  with  an  a)<ploalva,  lowar  tha  tharmal  stability  of  that 
axploalva.  A major  rasponalbi  1 i ty  of  this  organization  is  the 
davalopmant  and  documantatlon  of  safa  loading  procaduras  for  in 
aarvica  Naval  waapona  and  axploaiva  loading  of  waapons  and  ahapaa 
for  davalopmant  work.  Wa  oftan  salact  matariala  of  construction, 
salact  coatings  and  linara,  aaalanta,  gaskata,  and  daaign 
loading  fixturas  that  will  touch  tha  axploalva.  Thaaa  matariala 
can  affact  tha  stability  of  tha  aMploalvas  ovar  tha  short  mixing 
cyclas  oftan  at  alavatad  tamparaturaa,  during  loading  and  apacial 
taat  programs  and  ovar  tha  long  tarm  - mayba  twanty  to  thirty 
yaara  or  mora.  Soma  undarwatar  minaa  ara  ovar  forty  yaara  old. 
Elavatad  atoraga  tamparaturaa,  notorious  for  accalarating 
datarloratl va  chamical  raactlona,  may  raach  ovar  130  dagraaa  F. 
Inaida  a waapon  in  tha  sun.  As  a guldallna,  a chamical 
raactlon  doublaa  in  rata  for  aach  tan  dag.  C.  rlaa  in  tamparatura. 
Rafaranca  C2>  daacrlbaa  an  amlna-curad  apoxy  aystam  in  uaa  with 
propellants  for  twanty  years  which  showed 

signs  of  incompatibility  depending  on  which  test  was  used.  Thus, 
we  seek  new,  more  sanaitiva  ways  to  predict  incompatibility  of 
materials  with  exploaivaa.  Tha  Accelerating  Fata  Calorlmatar  (ARC) 
la  a relatively  new  instrument  developed  about  1980  and  uaad  in 
tha  chamical  process  industry  to  predict  runaway  chamical 
reactions,  basically,  reactions  generating  heat  faster  than  either 
raactlon  vassal  or  storage  container  can  draw  it  away.  References 
C3],  C4]  and  CS]  describe  soma  uses  of  the  ARC  in  tha  chamical 
industry.  References  C6]  and  C7]  describe  recent  applications  in  the 
explosives  Industry.  Because  of  parallels  between  tha  need  to 
accurately  predict  runaway  chemical  reactions  in  tha  chemical 
industry  and  to  detect  unsafe  material  combinations  in  waapons, 
paricularly  ovar  tha  long  tarm,  we  performed  preliminary  tasting 
of  a typical  PBX  to  evaluate  tha  ARC.  Tha  aim  is  to 
eventually  detect  latent  Incompatible  combinations  of  materials 
and  explosives,  none  of  which  by  themselves  ara  is 
aspacially  unstable.  Since  reactions  of  explosives  ara  complex 
and  don't  follow  consistent  rata  laws,  we  evaluated  data  for 
empirical  indicators  of  incompatibility,  not  for  kinetics  or 
raactlon  mechanisms. 

WHY  EVALUATE  PBXs7 

PBXs  are  mixtures  of  explosives,  plasticizers,  energetic 
plasticizers,  stabilizers,  polymeric  binders  and  sometimes  metals. 
Initially  PBXs  satisfied  requirements  to  load  weapons  of  various 
shapes  and  resisted  aerodynamic  heating.  Then,  they  satisfied 
insensitive  munitions  objectives.  The  number  of  formulations  is 
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rinlng,  and  becauaia  thnise  (SHplonl vs»a  ar«  so  nvM  and  complax,  m«i 
know  little  about  long  term  etorage  otability  in  contact  with 
varioue  materials.  In  the  current  set  of  experiments,  PBXN-106  was 
chosen  since  it  is  in  several  weapons  and  it  is  one  of  the  best 
characterl zed . 

WHY  EVALUATE  THE  ARC? 

References  C33,  C4D  and  C03  show  that  the  ARC  typically 
detects  onset  of  an  exothermic  reaction  (used  as  a measure  of 
incompatibility)  at  lower  temperatures  than  the  differential 
scanning  calorimeter  (DSC)  and  may  be  a more  sensitive  predictor 
of  incompatibility.  Figure  (1)  shows  this  graphically  in  a 
plot  of  log  heat  rate  versus  1/T.  The  ARC  determines  self  heating 
usually  50-100  deg.  C.  lower  than  the  DSC.  The  ARC  automatically 
records  a number  of  parameters  Including  pressure  as  a reaction 
proceeds.  The  closed,  adiabatic  system  approximates  the  internal 
environment  of  a weapon  which  is  undergoing  self  heating,  keeps 

gasses  which  may  catalyze  the  reaction  in  contact  with  the 
reactants  and  permits  easy  collection  of  gasses  and  solid 
reactants.  Thus,  the  ARC  may  provide  more  Information  than  other 
methods. Sampl e size  is  larger  than  that  of  DSC  techniques 
giving  a more  representati ve  sample.  Finally  the  metal  bomb  and 
outer  vessel  are  ideally  suited  to  contain  heat  tests  on 
explosives.  The  instrument  is  described  in  more  detail  below. 

COMPARISON  OF  THE  ARC  TO  OTHER  METHODS  OF  DETERMINING 
INCOMPATIBILITY 

Table  (2)  lists  many  of  the  stability  methods  now  in  use. 
These  are  compatibility  methods  if  materials  are  put  in  contact 
with  the  explosives.  The  two  most  commonly  used  methods  are  the 
vacuum  stability  or  vacuum  thermal  compatibility  (YTC)  test  and 
differential  scanning  calorimetry  (DSC).  In  the  VTC  method  the 
sample  is  heated  to  about  100  deg.  C.  for  48  hours  under  a vacuum 
in  a glass  manometer  system.  The  volume  of  evolved  gas  is  used  as 
a compati bi 1 i ty  criterion  after  correction  to  standard  conditions. 
NATO  Standard  Agreement  4147  and  DD  44811,  among  others,  describe 
variations  of  this  teat.  Figure  (2)  shows  typical 
apparatus.  The  test  is  Inexpensive,  a number  of  them  can  be  run 
simultaneously  and  it  is  fairly  reliable.  However,  some  reactions 
do  not  produce  gas,  volatiles  may  interfere  with  results,  toxic 
mercury  is  used  in  the  manometer  and  the  glass  does  not  contain 
the  occasional  violent  overgassing.  Figure  (3)  shows  the  lump  form 
of  the  samples  with  probably  little  actual  contact  area,  but  this 
problem  exists  with  many  methods.  The  DSC  technique  usee  a 
reference  and  a sample,  heats  the  two  and  monitors  the  heat 
needed  to  maintain  constant  temperature  between  the  two. 

Figure  (4)  shows  sample  size  comparison  among  several  methods, 
note  that  the  DSC  sample  size  is  very  small,  possibly  leading 
to  Inhomogeneous  samples.  Unless  a pressure  DSC  is  used,  reaction 
gasses  escape.  Also,  increases  in  pressure  cannot  be  monitored. 
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MHAT  18  THE  ARC? 


Rvfvrvncvs  C93  «nd  CIO]  Dsscrib*  th»  ARC  and  Itm  th«ory  In 
datAll.  Columbia  Sclantific  Induatrlaa  of  Austin,  TX, 
makSB  ths  commsrclal  instrumsnt  ussd  in  thsss  SKpsrimsnts. 

Brlsfly,  ths  ARC  is  an  adiabatic  calorimstsr 

which  hsats  ths  sampls  in  ths  pattsrn  shown  in  Figurs  (1).  Ths 
sampls,  typically  0. 1-0.5  grams,  is  ssalsd  in  ths  0.032  inch 
wallsd  Hastslloy  bomb  shown  in  Figurs  (5).  Figurss  (6)  and  (7) 
show  ths  sntlrs  asssmbly  of  bomb  to  Instrumsnt  which  is 
programmabls  for  paramstsrs  such  as  an  isothsrmal  cycls,  boating 
rats  changss  or  start/stop  tsmpsraturss.  Ths  ARC  boats  ths  sampls 
in  incrsmsnts  looking  at  prssst  intsrvals  for  onsst  of  sxothsrm. 
Whsn  a solf  sustaining  rsactlon  starts  gsnsrating  boat  at  ovor 

0. 02. dog.  C.  psr  mlnuto,  ths  ARC  adds  boat  to  ths  calorimstsr  to 
match  ths  calorimstsr  tsmpsraturs  to  ths  bomb  tsmpsraturs,  thus 
ths  trus  adiabatic  naturs  of  ths  tost.  Ssvsral  paramstsrs  ars 
monitorsd  including  boat  rats,  prossurs  incrsass  and  tlms  to 
sxplosion.  Ths  instrumsnt  has  a corrsctlon  factor  for  ths  thsrmal 
mass  of  ths  bomb.  Evolvod  gas  can  bs  routsd  to  othsr  instrumsnts 
and  ths  sampls  rssidus  collsctsd  from  ths  bomb  and  analyzsd.  A 
sampls  run  gonsrally  takss  an  hour  to  prspars  and  ovsrnlght  to  run 
so  ths  ARC  is  bsst  ussd  aftsr  a prsscrsonlng  of  samplss.  Sampls 
bombs  ars  SKpsnsivs,  about  *75  sach  and  cannot  bo  clsansd  and 
rsussd,  but  thsy  ars  strong  and  insrt.  Dsvslopmsnt  of  an  insrt 

but  loss  costly  bomb  is  fsaslbls. 

Expsrimsntal 

Thrss  sxpsrlmsnts  wsrs  psrformsd  using  a PBXN-106  cursd 
production  lot  B/P  966  datsd  Mar  1986i 

1.  Dstormino  rspsatabl 1 i ty  of  runs  on  constant  mass  of  a PBX.  Nots 
if  ths  ARC  can  follow  ths  sxothsrm  gsnsratsd  by  ths  oMploslvo. 
Rssults  ars  summarlzsd  in  Tabls  (3).  TA  and  TB  Indlcats  start  and 
finish  of  ths  sHOthsrm. 

2.  Changs  ths  sampls  mass  and  thus  ths  thsrmal  Insrtia  of  ths 
sampls  bomb  and  nots  ths  offsets.  Rssults  ars  summarlzsd  In  Tabls 
(3) . 

3.  Combins  ths  PBXN-106  with  solid  sodium  hydroxlds  dlspsrssd  on 
rsagsnt  grads  aluminum  oxlds  (alumina)  and  nots  offsets.  Compars 
to  VTC  and  D8C  data.  Tabls  (4)  comparss  ARC  and  DSC  data. 

Figurs  (8)  shows  offset  of  sodium  hydroxids  on  DSC  rssults. 

Tabls  (5)  comparss  ARC  and  VTC  data.  Ths  sodium  hydroxids  was 
ussd  as  a matsrlal  of  known  incompatibility  with  nltro  groups. 

Ths  aluminum  ox  ids  was  an  insrt  dilusnt. 

Ths  sodium  hydroxlds/alumlnum  oxlds  mlxturss  wsrs  prsparsd  by 
coating  ths  alumina  powdsr  with  known  massos  of  sodium  hydroxids 
dlspsrssd  in  watsr.  Drlsd  samplss  wsrs  ussd  in  ths  sxpsrimsnt.  Thi 
PBX  was  mashsd  bstwssn  fingsrs  only  to  avoid  affoctlng  RDX  sizs. 
Mlxturss  prsparsd  wsrs  0,  1,  5,  10,  25  and  50  psrcsnt  sodium 
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hydroHid*  on  alumlnu.  A mvlting  point  capillary  and  atainleBS 
ataal  puah  rod  ware  uaad  to  ^111  tha  bombs  to  thn  daslrad  waighta. 
Figura  (9)  ahowa  tha  filling  aetup.  Sample  masBeo  for  eKperiments 
1 and  2 » are  aa  shown.  Explosiva  maas  for  expariment  3 waa  0.2 
grama.  Total  maaa  of  alumina  and  aodium  hydroxide  waa  0.2  grams  to 
kaap  a constant  thermal  mass  of  0.4  grams  in  the  bombs. 

Bomba  ware  ■..032  inch  wall  Haatalloy  C with  1/16  inch  neck. 
Thermocouple  waa  held  in  place  at  bottom  by  a manufacturer 
supplied  clip.  The  original  spring  was  removed. 

Instrument  settings  werei 

Start  Tamp  100,  End  Temp  3S0,  Slope  Sane,  Heat  Step  2.00,  Data 
Step  o.SO,  Walt  Tima  10.00,  Burst  Diff  100. 

Tha  DSC  was  a Perkin  Elmar  DSC  4.  Sample  mass  was  about  3mgi 
heating  rata  was  10  deg.  cant  par  min. 

Vacuum  thermal  compatibilities  were  run  for  48  houri-  at  100 
deg.  C.  Sample  size  was  0.2gram  of  each  component. 

DISCUSSION 

1.  Ovarall  aim  in  comparign  various  ARC  parameters  is  to  evaluate 
data  not  dependent  on  kinetics,  and  not  affected  by  auto  catalysis 
or  changes  in  reaction  order.  Heat  rate  curves  (not  shown)  suggest 
auto  catalysis.  Data  show  that  the  exotherm  onset  and  exotherm 
maximum  are  stable  indicators  of  neat  PBXN-106  self  heating.  The 
pressure  variations  indicate  that  the  system  had  periodic  leaks. 

As  delivered,  the  ARC  has  no  self-check  for  the  pressure  transducer 
plumbing. 

2.  Effect  of  sample  mass  over  the  range  tested  of  0.1  to  0.43  grafts 
showed  a variation  onset  of  6.4  percent.  The  PBXN-106  had  a range 
of  0.2  to  0.3  grams  which  shows  little  variation.  The  main 
criteria  for  sample  mass  were  to  limit  pressures  to  the  2500  PSI 
max  for  the  transducer,  to  enable  the  calorimeter  to  follow  the 
exotherm  and  to  avoid  disastrous  explosions.  Some  explosives  will 
no  doubt  generate  heat  faster  than  the  instrument  can  track.  An 
inert  filler  may  dampen  the  exotherm  rate  by  acting  as  a heat 
absorber . 

3.  The  comparison  between  ARC  and  DSC  data  shows  that  the  ARC  sees 
the  onset  of  exotherm  for  neat  PBXN-106  55  degrees  before  the  DSC 
detects  it.  This  difference  holds  for  each  concentrati on  of 
alkaline  sodium  hydroxide.  The  DSC  'sees'  the  0.5  percent  sodium 
hydroxide  shown  by  an  exotherm  drop  of  2.06  degrees.  However,  the 
exotherm  onset  temperatures  reverse  with  the 

next  increase  in  concentration  by  1.79  degrees. Vacuum  thermal 
compatibility  also  detects  the  0.5  percent  sodium  hydroxide  by 
gassing  more  than  the  arbitrary  2.0  g per  cubic  centimeter  cutoff. 
At  higher  concentrations,  the  reactions  were  so  severe  we  stopped 
the  tests  after  about  10-20  minutes.  Other  materials  must  be 
tested  to  show  that  the  ARC  can  detect  Incompatibilities 
undetected  by  DSC  or  VTC. 

CONCLUSIONS 
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1.  B««»d  on  th»  preliminary  study  of  PBXN-106  the  ARC  can 
supplement  other  methods  in  compatibility  testing. 

2.  The  ARC  can  follow  the  self  heating  of  at  least  one  PBX , 
and  because  of  formulation  simi larities,  will  work  on  others.  Pure 
explosives  such  as  RDX  have  not  been  evaluated. 

3.  The  ARC  proved  to  be  more  sensitive  than  the  DSC  in 
detecting  exotherm  onset,  but  more  experiments  are  necessary  to 
find  if  there  is  a window  of  incompatibility  detectable  by  the 
ARC  but  not  by  DSC  or  VTC. 

PLANNED  WORK 

1.  Evaluate  more  systems  of  known  incompatibility. 

Demonstrate  that  improved  sensitivity  is  significant. 

2.  Correlate  ARC  data  to  VTC  data. 

3.  Improve  ARC  sample  bomb  system  and  pressure  system. 

4.  Incorporate  modern  ml crocomputer  hardware  and  software  to 
process  data. 

5.  Develop  hazard  index. 
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Typical  ARC  Experiment 
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Relative  Size  Of  Sample  Holders  And  Samples 
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COMPATIBILITY  METHODS  NOW  IN  USE 
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Table 


ARC-PBXN  106 

REPRODUCIBILITY  AND  EFFECT  OF  SAMPLE  MASS 
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